Coupling the cell-penetrating peptides transportan and transportan 10 to primaquine enhances its activity against liver-stage malaria parasites Malaria is one of the world's deadliest diseases and poses a severe threat to many billion people living in endemic areas. Malaria is caused by parasites of the Plasmodium genus that encompasses many different species, five of which are known to infect humans: P. falciparum, P. vivax, P. ovale, P. malariae and P. knowlesi. The most predominant and severe forms of human malaria are caused by P. falciparum and P. vivax, the former being the deadliest parasite species. 1,2 The parasite's life cycle is extremely complex: upon transmission to a human host through the bite of an infected Anopheles mosquito, the Plasmodium sporozoites infect the liver, where they initiate a clinically silent asexual reproduction stage. 3 This multiplication phase results in the formation of thousands of merozoites that are subsequently released into the bloodstream. Parasites then invade red blood cells and undergo another asexual reproduction stage that culminates in the rupture of infected erythrocytes (schizonts), with concomitant release of new merozoites ready to infect healthy red blood cells. In each parasite replication cycle in the blood the stage is responsible for disease symptoms, a small proportion of parasites differentiate into sexual formsgametocytes. These can be taken up by mosquitos feeding on the blood of the infected human host, initiating the parasite's sexual reproduction stage. This phase culminates in the accumulation of sporozoites in the mosquito's salivary glands, ready to infect a new human host. 3 Thus, blocking gametocyte formation or uptake by mosquitoes will block disease transmission from the host to the vector. Another aspect that contributes to malaria's high morbidity results from the fact that P. vivax and P. ovale, are able to form hypnozoites, parasite forms that may remain dormant for years or even decades in the liver, and may lead to disease relapses.
1,2
Although the worldwide incidence of malaria has been falling since 2010, the rate of decline has stalled and even reversed in some regions since 2014.
2 In fact, eradication of this disease is constantly delayed by the (i) complexity of the malaria parasite's life cycle, (ii) widespread resistance to less expensive and most popular antimalarials such as chloroquine, (iii) toxicity of some classical antimalarial drugs, e.g., primaquine, (iv) lack of effective vaccines, and (v) scarcity of multi-stage antimalarials that are able to efficiently eliminate liver-and blood-stage forms of Plasmodium parasites, including gametocytes, given their role for the vector-mediated dissemination of the disease. 4 Nevertheless, primaquine (PQ) remains a useful weapon against malaria on three different fronts: (i) primary prophylaxis against all species of malaria parasites, (ii) presumptive anti-relapse therapy (radical cure) for people exposed to P. vivax or P. ovale, as it is able to kill hypnozoites, [5] [6] [7] [8] and (iii) transmission-blocking action, due to its gametocytocidal activity towards all species of Plasmodium, thus halting the spread of the disease. rapidly metabolized to carboxyprimaquine, which has no significant antimalarial activity, 10 and it triggers the development of haemolytic anemia in people who present a glucose-6-phosphate dehydrogenase (G6PD) deficiency, which is a relatively common genetic trait in areas where malaria is endemic. 11, 12 In view of this, several strategies to improve PQ's pharmacokinetics and safety have been pursued, not only by medicinal chemists in academic settings, but also by big pharma, in some cases leading to the discovery of highly promising candidates, like tafenoquine; 13 Our group has been working over the past two decades in the so-called "recycling" of classical antimalarial pharmacophores, 9 with a particular, although not exclusive, focus on PQ. [15] [16] [17] [18] [19] Following the widely reported benefits of cellpenetrating peptides (CPP) as promising shuttles for intracellular drug delivery as a consequence of their low toxicity, their ability to be taken up by diverse cell types, and their compatibility with different cargo sizes or types, 20 we hypothesized that PQ conjugation to CPP might enhance its antiplasmodial activity, while possibly reducing its adverse effects, through a better targeting of the drug into infected cells. In other words, PQ conjugation to CPP through the drug's primary amine might increase its concentration at site of action, due not only to a targeted delivery effect, but also because PQ conjugation to amino acids, oligopeptides and peptidomimetics has been reported to delay or even block oxidative deamination into carboxyprimaquine, which in turn would allow the use of lower drug doses. 10, 19, [21] [22] [23] In view of this, we conjugated several CPP (Table 1) to PQ, as depicted in Scheme 1, and the conjugates obtained were tested in vitro against liver stage P. berghei parasites. This unprecedented approach delivered encouraging preliminary results as herein reported. Five different CPP (Table 1) were chosen on the basis of either their (i) well-known cell-penetrating properties (TAT, PasTAT), 23, 24 (ii) wide-range antimicrobial and immunomodulatory action (IDR-1018), 25 and/or (iii) intrinsic antiparasitic activity (transportan 10, or TP10). 26 The peptides were assembled by standard solid-phase peptide synthesis (SPPS) methods, 27 and used in their unconjugated form in subsequent in vitro assays, for comparison with both the parent drug (PQ) and the new drug-CPP conjugates. These were produced by on-resin coupling, onto the pre-assembled full peptide sequence, of succinic anhydride followed by PQ (Scheme 1), after which the resulting conjugates (PQ-C4-CPP) were released from the resin by means of standard acidolytic cleavage with a trifluoroacetic acid (TFA)-based cocktail. 27 In order to assess the relevance of the drug's relative position within the conjugate, an analogue was synthesized, TP10-S2-PQ, 28 where the drug was coupled to the C-terminus of the peptide. This coupling was promoted via disulfide bond formation between TP10-Cys and PQ-CysĲNpys) (Scheme 2), also prepared in-house. 28 Once cleaved from the resin, all conjugates were purified by preparative high-performance liquid chromatography (HPLC), and their structures confirmed by liquid chromatography coupled to a mass detector (LC-MS). 30 The synthetic PQ-C4-CPP conjugates, and the corresponding free CPP, were screened for their ability to inhibit in vitro hepatic infection by rodent P. berghei parasites at 1, 5 and 10 μM concentrations. Parasite load was assessed by luminescence measurements in lysates of Huh-7 cells 31 infected 48 h earlier with sporozoites of a firefly luciferase-expressing P. berghei parasite line, as previously described, 32 using PQ as the reference drug (Fig. 1) .
Our results indicate that:
• all the test compounds (CPP and corresponding conjugates), except for TP10-S2-PQ, were not cytotoxic, as they did not affect confluency (dots in Fig. 1 ) of Huh-7 cells at any of the concentrations employed;
• with the exception of TP10, whose activity was only slightly lower than that of the reference drug, PQ, all other free (unconjugated) CPP ranged from inactive (IDR-1018, transportan) to poorly active (TAT, PasTAT) against liver stage P. berghei parasites;
• PQ-C4-CPP conjugates where the peptide building block was either transportan (PQ-C4-transportan) or the related peptide TP10 (PQ-C4-TP10) were more active than the respective free CPP and, more relevantly, than the reference drug, PQ;
• coupling PQ to TP10's C-terminus, as in TP10-S2-PQ, did not significantly improve activity, while leading to a notable increase in cytotoxicity; hence, drug conjugation to the CPP's N-terminus appears to be the best choice;
• CPP size and net charge do not seem to be key factors for activity, as (i) PQ-C4-TP10 and PQ-C4-transportan showed similar activities, despite their different size; (ii) PQ-C4-IDR1018 was inactive, despite having the same net charge as TP10, and (iii) TAT and PasTAT, as well as the corresponding PQ conjugates, did not dramatically differ from each other, despite the quite different molecular weights of these two CPP.
Scheme 2 Synthesis of TP10-S2-PQ: TP10-Cys, pre-assembled by SPPS, 28 was reacted with PQ-CysĲNpys), previously prepared by coupling PQ to Boc-CysĲNPys)-OH. 29 Collectively, it is shown that the activity of classical antimalarial drugs can be enhanced upon their conjugation with selected CPP. Specific amino acid sequence, rather than size or net charge of the CPP carriers, seems to determine whether the activity of the final conjugate will or will not be improved over that of the free parent drug. Ongoing work with the most promising TP10-PQ conjugates is focused on (i) confirmation of their higher metabolic stability towards oxidative deamination into carboxyprimaquine, and (ii) evaluation of their gametocytocidal, i.e., transmission-blocking activity. Expectations on the outcome of these studies are high, considering earlier reports on peptide and peptidomimetic conjugates of PQ. 10, 16, 17, 19, 23 In addition, we are currently working on the chemical synthesis and in vitro screening of a wider panel of PQ-CPP conjugates, all of which share TP10 as the CPP carrier, but differ in the length, flexibility, and chemo/biolability of the drug-peptide linker employed. This will widen the chemical space available, to enable drawing relevant structure-activity relationships that may guide future development of CPP conjugates with other classical antimalarial drugs.
Conclusions
Altogether, this is an unprecedented report regarding PQ conjugation to CPP as a possible means to improve the drug's activity. Our encouraging findings warrant further pursuit of this approach, especially considering PQ's unique antiplasmodial properties, and the obvious advantages of acting against malaria at the initial liver stage of infection. Moreover, since resistance against artemisinin-based therapies is growing, and cases of re-sensitization to chloroquine have been reported, 2 we are already applying the same concept to this and other classical blood-stage antimalarials, namely, mepacrine. Results thereof will be timely reported, and hopefully contribute for the establishment of drug conjugation to selected CPP carriers as an attractive strategy for the rescuing of known antimalarial drugs.
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